. Current intensity was biased to be ϳ170 times greater at the spinal column than at the sciatic nerve. The results showed marked effects of DCS on muscle tone. In controls and mice with spinal cord injuries with spasticity, spinal-to-sciatic DCS reduced transit and steady stretch-induced nerve and muscle responses. Sciatic-to-spinal DCS caused opposite effects. These findings provide the first direct evidence that trans-spinal DCS can alter muscle tone and suggest that this approach could be used to reduce both hypotonia and hypertonia.
Introduction
Management of muscle tone abnormalities is a serious and sometimes insurmountable challenge. Many CNS disorders involve an increase (hypertonus) or decrease (hypotonus) in muscle tone. For example, hypotonia is commonly observed in cerebellar deficits (Gilman, 1969) , spinocerebellar lesions (Subramony and Ashizawa, 1993) , and developmentally delayed children (Shumway-Cook and Woollacott, 1985) . Hypertonia is associated with many CNS disorders, including stroke (Burke et al., 2013) and spinal cord injury (SCI; Adams and Hicks, 2005) . Hypertonia includes spasticity and rigidity, and is characterized by a velocity-dependent increase in tonic stretch reflexes (Lance, 1980) and increased muscle activity during passive stretch (Katz and Rymer, 1989) . Spasticity can range from mild to severe and can cause striking impairments in functional movement (Adams and Hicks, 2005) . Pharmacological, surgical, and physical treatments to manage spasticity have at best short-term efficacy and are confounded by side effects (Gracies et al., 1997) .
Increases in reflex excitability following spinal cord injury may be caused by a number of factors, including increased excitability of spinal motoneurons (Cope et al., 1986; Bennett et al., 2001; Heckmann et al., 2005) , and changes in interneuronal physiology (Hornby et al., 2003; Onushko et al., 2011) and connectivity (Yates et al., 2009; Kapitza et al., 2012) . In general, following spinal cord injury, increased excitation and reduced inhibition of the mechanisms controlling motoneurons causes abnormal generation of force (Roy and Edgerton, 2012) . We previously showed that dorsal surface anodal stimulation of the spinal cord decreases spinal excitability, while cathodal stimulation increases excitability (Ahmed, 2011) . This agrees with previous studies, despite differences in location of the return electrode (Fuortes, 1954; Eccles et al., 1962) . Recently, we showed that trans-spinal direct current stimulation (DCS) modulates spinal interneuron excitability (Ahmed, 2013b) . In addition, trans-spinal DCS had previously been shown to modulate the excitability of primary afferent fibers via their presynaptic terminals (Eccles et al., 1962) . These findings provide the basis for clinical trans-spinal DCS applications in disorders with maladaptive excitation-inhibition balance (e.g., spasticity). Thus, spinal DCS has been proposed to treat spasticity (Elbasiouny et al., 2010) , but it remains unknown what underlying mechanisms or direction of current could modulate the neural mechanisms controlling muscle tone.
In the present study, it was hypothesized that (1) direct current flowing from the dorsum of the spinal cord to abdominal skin and sciatic nerve would reduce spinal cord excitability, thereby reducing muscle tone; and (2) direct current flowing in the opposite direction would increase spinal cord excitability, thereby increasing muscle tone. In principle, the stimulation technique presented here was designed to modulate the background activity level of the motoneuron pool of the muscle and to change the firing threshold of motoneurons.
In the present study, nerve discharges and muscle resistance were measured during passive muscle stretches. Supporting the hypotheses, in healthy mice and in mice with clinical signs of spasticity following spinal cord injury, nerve discharges and muscle resistance during transit and steady-state muscle stretches were reduced by current flowing from the dorsal surface of the spinal cord to the periphery and were increased by current flowing in the opposite direction.
Materials and Methods

Animals
Adult male CD-1 mice (n ϭ 42; weight, 35-40 g) were used for this study. Protocols were approved by the Institutional Animal Care and Use Committee of the College of Staten Island.
Spinal cord contusion injury
Mice were deeply anesthetized with ketamine/ xylazine (90/10 mg/kg, i.p.), and a spinal contusion was produced using a Multicenter Animal Spinal Cord Injury Study/New York University impactor via an impact rod (1-mmdiameter head, 5.6 g) released from a distance of 6.25 mm onto the T13 spinal cord level, exposed by a T10 laminectomy. Animals were tested 4 weeks after spinal cord injury.
Experimental procedures
The general procedure has been used previously by our laboratory (Ahmed, 2011 (Ahmed, , 2013a Ahmed and Wieraszko, 2012) , and the experimental setup is shown in Figure 1A . Animals were anesthetized using ketamine/xylazine (90/10 mg/kg, i.p.). Throughout experiments, anesthesia was kept at a moderate level, which was monitored on-line by observing muscle and nerve activity (Ahmed, 2013a) . Animals were placed in a mouse stereotaxic apparatus, which was placed in a custom-made clamping spinal column system. The bone at the base of the tail was fixed to the base of the system with surgical pins. Holes were made at the distal parts of the femur and tibia bones, and nails were inserted to fix these bones to the base. Incisions were made in the skin covering the vertebral column (from midthoracic to sacral region) and hindlimb, and the skin was moved to the side and held with clips. The triceps surae (TS) muscle was carefully separated from the surrounding tissue. The tendon of the TS was connected to a force transducer that was connected to a bridge amplifier (ADInstruments). Tissue surrounding the distal part of the sciatic nerve was removed. Both the sciatic nerve and TS muscle were covered with a mixture of silicone oil and petroleum jelly (Vaseline).
DCS setup. A breadboard was used to design a current divider. A Grass stimulator with current isolation unit (DC mode) was used as the current source. As shown in Figure 1A , the anode was split into two branches. One branch (a1) was directly connected to a stainless steel plate electrode (thickness, 50 m; width, 5 mm; length, 7 mm). The electrode was covered with 1-mm-thick wick fabric (soaked with 0.9% saline) and placed over the spinal column. A second branch (a2) was passed through a 10 M⍀ resistor, then connected to a stainless steel plate electrode (width, 5 mm), which was placed under the sciatic nerve. The cathode was split into two branches: one branch (c1) was directly connected to an alligator clip electrode attached to abdominal skin, and the second branch (c2) was passed through a 10 M⍀ resistor, then connected to a stainless steel plate electrode (width, 5 mm; length, 9 mm) that was placed under the sciatic nerve proximal to the anode electrode. These electrodes were also covered by a layer of wick (1 mm thick; soaked with 0.9% saline), which was glued to the stainless steel plate. Care was taken to prevent contact among test-stimulating, recording, and DC electrodes. If needed, a small amount of petroleum jelly/silicone oil mixture was used to prevent contact between electrodes. Note that this design allowed for reversal of polarity by switching the polarity of the current source. An ampere meter was connected between a2 and c2 branches to monitor the current value. Sciatic nerve electrodes were electrically isolated from the rest of the body by a layer of silicone rubber. This design was devised to solve the chal- Figure 1 . A, Experimental setup to stretch the TS muscle, record tibial nerve compound action potential (R), and deliver spinal-to-sciatic DCS. The anode (ϩ) is split into a1, which carries unattenuated current to the thoracolumbar spinal column, and a2, which carries attenuated current through a 10 M⍀ resistor to a stainless steel electrode plate. The cathode was divided into c1, which carries unattenuated current to the abdominal skin, and c2, which carries attenuated current through a 10 M⍀ resistor to the sciatic nerve. The stretch apparatus consists of a rail and a carriage. A number of elastic bands are attached between the rail and the base. A force transducer and IMU are fixed to the carriage. The carriage can be stopped at any position by a handle (trigger). Inset (top) shows tsDC electrode, covered with wick fabric. B, Top, A recording (two traces) from the IMU tracking the movement of the stretch apparatus, showing that the stretch apparatus movements are identical. The bottom two panels show samples of stretch responses recorded from the tibial nerve in control (black) and SCI animals (green). Note that no DCS was applied during these recordings. C, Two examples of reflex force traces were recorded by the force transducer during 209 mm/s lengthening velocity: control animal (black trace) and spinal cord injured animal (green trace). The mean slope of the rising phase (5-50% after initiation) is shown, and the cutoff is at peak force or the end of the dynamic phase of stretches. The inset shows a photograph of the hindlimbs of an animal with SCI, showing signs of spastic patterns. Stim, Stimulation.
lenge of delivering relatively higher current values to the spinal cord (0.4 -1 mA) to affect spinal neurons and subthreshold current values (1-5 A) to the sciatic nerve. In exploratory experiments, this design allowed 5 A to pass through the sciatic nerve circuit when 1 mA passed through the spinal column-abdominal skin circuit. The rationale for placing two electrodes with opposite charges on the sciatic nerve was to reduce the potential damaging effects of monopolar stimulation (Merrill et al., 2005) . Given the size of the sciatic nerve (width, 1 mm) and the electrode plate (width, 5 mm), the exposed nerve area would be 5 mm 2 . Thus, a current of 5 A applied to the nerve would generate a current density of 1 A/m 2 . In all experiments, DCS parameters were 0.8 mA at the spinal cord and 4.5 A at the sciatic nerve. The duration of DCS was the time of the stretch period: 6 s in transit stretches and 30 s in steady-state stretches.
Stretch apparatus. This device was constructed to produce linear motion, which was suitable for inducing muscle stretch in the current setup. It consisted of a high-velocity needle roller-bearing carriage and guide rail. The carriage worked like a trigger with a side handle to lock it along the rail. One side of the carriage was connected to the base by rubber bands, and the pulling velocity was adjusted by changing the number of bands. The other side of the carriage was firmly connected to a force transducer and inertial motion unit (IMU), as shown in Figure 1A . The velocity was measured using a displacement sensor (Measurand) attached to the carriage and video-tracking software. Two rubber bands gave a lengthening velocity of 209 mm/s (low velocity), and four bands gave a lengthening velocity of 475 mm/s (high velocity). Testing demonstrated that this system was reliable in producing consistent movement velocities of 209 and 475 mm/s. Moreover, velocity and tracking were measured during each test.
Justification of parameters. TS muscle was stretched 3.5 mm, based on actual TS stretch distance measured in intact animals. Specifically, in intact anesthetized animals, while the knee was flexed, the stretch distance of TS muscle was measured between insertion (ankle) and origin (knee) during full ankle range of motion (0 -165°) from full planterflexion to full dorsiflexion. This was also confirmed by cutting the TS tendon, which had a stretch capacity of 3.5 mm. The velocity of the stretches was based on the velocity of the cortically evoked dorsiflexion movement (Ahmed, 2013b) , which was between 200 mm/s (low velocity) and 500 mm/s (high velocity). Therefore, the stretch system was adjusted to produce lengthening movements at the low (209 mm/s) and high velocities (475 mm/s).
Experimental design Experiment 1 (transit stretch responses).
To avoid complications, transit stretch responses were tested in separate group of animals (control, n ϭ 5; spinal cord injury, n ϭ 7). Three stretch responses at low and high velocities were elicited at baseline with 1 min interstretch intervals, followed by either spinal-to-sciatic or sciatic-to-spinal DCS. Spinalabdominal and sciatic-only DCS were tested in different groups of animals, and were found to have no effects on stretch responses. Stretchinduced nerve discharges were recorded, and their frequency and spike histograms were analyzed. Muscle tensions produced by different stretch velocities were recorded and compared. Slope ( g/s), defined as the slope of a regression (least-squares) line, fitted to the data during the rising phase of the reflex force from 5 to 50% of the peak force, was compared between treatments. In addition, maximal and threshold forces were measured. Threshold force was defined as the force at which nerve discharge began.
Experiment 2 (steady muscle tension). Animals (control, n ϭ 5; spinal cord injury, n ϭ 9) were used to test the effects of spinal-to-sciatic or sciatic-to-spinal DCS on steady muscle tension. TS muscle was stretched to produce 2 g of force, and baseline recordings were collected for 3 min. Next, one of the stimulation procedures (spinal-to-sciatic or sciatic-tospinal DCS) was applied for 30 s. After current was turned off, muscle tension was measured for 3 min. The other DCS procedure was then applied for 30 s, and muscle tension was measured for another 3 min. The order of current application was pseudorandom. Data were normalized to baseline. Moreover, nerve discharges were averaged over 30 s periods and analyzed using spike histograms (frequency of discriminated spikes).
Experiment 3 (Hoffmann reflex, sciatic nerve excitability, and cortically evoked potentials).
To investigate the effects of DCS on cortically evoked potentials, a craniotomy was made over the contralateral primary motor cortex (M1; 1 mm posterior to bregma and 1 mm lateral to midline) without breaching the dura. A recording electrode (resistance, 1-2 M⍀) was inserted into the tibial nerve. The cortex was stimulated with a monopolar electrode (tip, 150 m), and an active electrode was situated on M1. An alligator clip attached to a flap of scalp skin on the frontal aspect of the skull served as the reference electrode. In addition, to investigate the effects of DCS on Hoffmann reflex (H-reflex), a concentric bipolar stimulating electrode (tip, 250 m) was placed on the sciatic nerve in the pelvis region. In the same group of animals (n ϭ 5), H-reflex and cortically evoked potentials were recorded before, during, and after spinal-tosciatic or sciatic-to-spinal DCS. Since no long-term effects were observed after these brief test periods (10 s), data recorded after DCS application were not included in the analysis.
A separate group (n ϭ 6) of animals was used to test the local effects of DCS on the sciatic nerve. In proximal test stimulation, the test stimulus electrode was placed over the cephalic side of the sciatic nerve, and the recording electrode was placed on the distal side near the muscle. Test stimulation was also performed at the nerve segment located between the two DCS electrodes. In these experiments, baseline nerve compound action potentials were adjusted to ϳ50% of maximal compound action potential. A train of five nerve compound action potentials (at 0.5 Hz) was evoked before (baseline), during, and after spinal-to-sciatic or sciatic-to-spinal DCS. Testing was performed in a pseudorandom order with 2 min intervals between tests. To examine the nerve for any damage caused by DCS, nerve compound action potentials and concurrent muscle twitches were followed for 20 min after termination of the DCS procedure in four experiments. Trains of five pulses at 0.5 Hz were applied at 5 min intervals, and average potentials and twitches were compared with baseline values.
To test the excitability of the proximal sciatic nerve segment, the sciatic nerve was exposed further toward the pelvis region in a group of animals (n ϭ 5). A recording electrode was placed proximally on the pelvic part of the sciatic nerve, and a test-stimulating electrode was placed caudal to the recording electrode, but rostral to the DC electrodes. A train of five nerve compound action potentials (at 0.5 Hz) was antidromically evoked before (baseline), during, and after spinal-tosciatic or sciatic-to-spinal DCS.
All extracellular recordings were passed through a standard head stage, amplified (Neuro Amp EX, ADInstruments), filtered (100 Hz-5 kHz bandpass filter), digitized at 4 kHz, and stored in the computer for further processing. A PowerLab data acquisition system and LabChart 7 software (ADInstruments) were used to acquire and analyze the data.
Statistic analysis
Data in all graphs represent means Ϯ SEM. The differences between groups over time were assessed using repeated-measures ANOVA (independent variables: time course and stimulation condition; dependent variables: muscle resistance, firing rate of nerve discharges, maximal force, threshold force, nerve compound action potential, H-reflex, and cortically evoked potential) with a Holm-Sidak post hoc correction to test differences across time points. t tests were used to compare control and spinal cord injury groups. Pearson correlations were used to test correlations between stretch velocity and the following variables: threshold force, maximal force, and nerve discharge frequency. Statistical analyses were performed using SigmaPlot (SPSS). Slopes, maximal force, and spike rate were calculated using LabChart software (ADInstruments). The critical level of significance was set at p Ͻ 0.05.
Results
Effects of DCS on transit stretch responses
Stretch-induced discharges
To test the effects of DCS on transit stretch-induced discharges, low-velocity stretches were performed over 6 s during spinal-tosciatic or sciatic-to-spinal DCS, and maximal nerve discharge rates were measured. As shown by ANOVA (Table 1) , the main effect of stimulation on nerve discharges was significant in control animals. As shown in Figure 2A , in control animals, compared with baseline, the maximal firing rate was decreased by spinal-to-sciatic DCS, and increased by sciatic-to-spinal DCS (Table 1 ). Figure 2B shows the changes in stretch-induced nerve discharges during the entire 6 s transit stretch period. Spinal-tosciatic DCS (Fig. 2B, red) reduced stretch responses during the dynamic phase and discharges during the static phase of the stretch period. Sciatic-to-spinal DCS (Fig. 2B, green) increased the rate of nerve discharges during both dynamic and static phases of the stretch period, and elongated the after-stretch response. There were no poststimulation changes in stretchinduced discharges.
As shown by ANOVA (Table 1) , the main effect of stimulation on nerve discharges was significant in animals with spinal cord injury. In Figure 2A , in animals with spinal cord injury, compared with baseline, maximal firing rate of stretch-induced discharges was decreased by spinal-to-sciatic DCS and increased by sciatic-to-spinal DCS (Table 1 ). Figure 2C shows the changes in nerve discharges during the entire 6 s transit stretch period. Spinal-to-sciatic DCS reduced nerve discharges during the dynamic phase, reduced and shortened discharges during static phase, and inhibited the after-stretch discharges. Sciatic-tospinal DCS increased nerve discharges during the dynamic and static phases, and enhanced and prolonged the after-stretch discharges (Table 1) . In all conditions, stretch-induced discharges returned to baseline values after stimulation ended. In response to low-velocity stretches, animals with SCI injury had significantly higher discharge rates at baseline compared with control animals (t test, p Ͻ 0.02).
Stretch-induced muscle resistance
As shown by ANOVA (Table 1) , the main effect of stimulation on muscle resistance was significant in control animals. In Figure 3 , A and B, in control animals compared with baseline, the slope of muscle resistance at low velocity was decreased by spinal-tosciatic DCS, and increased by sciatic-to-spinal DCS (Table 1) . As shown by ANOVA (Table 1) , the main effect of stimulation on muscle resistance was significant in animals with SCI. In Figure 3 , C and D, in animals with SCI compared with baseline, the slope of muscle resistance was decreased by spinal-to-sciatic DCS and increased by sciatic-to-spinal DCS (Table 1) . There were no persistent effects after stimulation ended. Animals with SCI had higher resistances at baseline compared with controls (one-way ANOVA, F ϭ 7.9, p Ͻ 0.001), indicating that SCI caused an exaggeration in reflex force. At equivalent current intensities, neither spinal-abdominal nor sciatic-only DCS caused changes in transit stretch responses (data not shown).
Effects of DCS on velocity-sensitive parameters
Next, stretches were performed in animals with spinal cord injury at low velocity (209 mm/s) and high velocity (475 mm/s). The following three outcome measures were analyzed: (1) rate of nerve discharges during the dynamic period of the stretches; (2) maximal force, defined as the peak force at the end of the dynamic period; and (3) threshold force, defined as the force at which nerve discharges begin.
In Figure 4 , at baseline, stretch velocity was positively correlated with the rate of nerve discharges and maximal force (Pearson correlation, p Ͻ 0.05), but not threshold force ( p Ͼ 0.05). During spinal-to-sciatic DCS, stretch velocity was not correlated with rate of nerve discharges or maximal force (Pearson correlation, p Ͼ 0.05), but was negatively correlated with stretch velocity ( p Ͻ 0.05). During sciatic-to-spinal DCS, velocity was not correlated with rate of nerve discharges, maximal force, or threshold force (Pearson correlation, p Ͼ 0.05). These findings indicate that stretch responses at baseline are velocity dependent, which is an important criterion of spasticity. Conversely, DCS effects were velocity independent, suggesting that DCS has greater effects on the tonic component of the stretch reflex. One exception was spinal-to-sciatic DCS, which induced a negative correlation of stretch velocity with threshold force. Further analysis revealed that at low and high velocities DCS had main effects on maximal force (repeated-measures ANOVA: F ϭ 5.8, p Ͻ 0.01; and F ϭ 10.8, p Ͻ 0.002, respectively), threshold force (repeated-measures ANOVA: F ϭ 7.4, p Ͻ 0.01; and F ϭ 13.5, p Ͻ 0.001, respectively), and rate of nerve discharges (repeated-measures ANOVA: F ϭ 25.7, p Ͻ 0.001; and F ϭ 15.6, p Ͻ 0.001, respectively). In Figure 4 , compared with baseline, maximal force produced at low and high velocities was reduced during spinal-to-sciatic DCS and increased during sciatic-to-spinal DCS (Holm-Sidak method, p values Ͻ 0.05). Threshold force at low and high velocities was increased by spinal-to-sciatic DCS (Holm-Sidak method, p Ͻ 0.02 and p Ͻ 0.001, respectively), but was not affected by sciatic-tospinal DCS ( p values Ͼ 0.05). Nerve discharges at high and low velocities were reduced by spinal-to-sciatic DCS (Holm-Sidak method, p Ͻ 0.001 and p Ͻ 0.03, respectively), but were increased by sciaticto-spinal DCS ( p Ͻ 0.02 and p Ͻ 0.007, respectively). In all stimulation conditions, there were no persistent effects after the stimulation ended.
Effects of DCS on steady-state muscle tension and nerve discharges
To test the effects of DCS on steady muscle tension, muscles were put under a relatively moderate constant tension of 2 g (average threshold force). In control animals, repeated-measures ANOVA revealed the main effect of DCS on muscle tension and nerve discharges (Table 2) . Compared with baseline, muscle tension was decreased by spinal-to-sciatic DCS and increased by sciaticto-spinal DCS. Similarly, compared with baseline, the nerve discharge rate was decreased by spinal-to-sciatic DCS and increased by sciatic-to-spinal DCS (Table 2 ). There were no persistent effects after stimulation ended.
In Figure 5 , in animals with spinal cord injury, repeatedmeasures ANOVA revealed significant general effects of DCS on muscle tension and nerve discharges (Table 2) . Compared with baseline, muscle tension was decreased by spinal-to-sciatic DCS and increased by sciatic-to-spinal DCS. Similarly, compared with baseline, the nerve discharge rate was decreased during spinal-tosciatic DCS and increased during sciatic-to-spinal DCS (Table 2) . There were no persistent effects after stimulation ended. At equivalent current intensities, neither spinal-abdominal nor sciatic-only DCS caused changes in steady muscle tension (data not shown). . Scatter plots showing the effects of lengthening velocity and DCS on maximal force, firing rate, and threshold force in mice with SCI. At baseline (left panels, black trace), both maximal force and firing rate were velocity dependent; however, threshold force was velocity independent. During spinal-to-sciatic (Sp-Sc) DCS (middle panels, red trace), both maximal force and firing rate were velocity independent; however, threshold force was velocity dependent. During sciatic-to-spinal (Sc-Sp) DCS (right panels, green trace), maximal force, firing rate, and threshold force were velocity independent. 
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Effects of DCS on H-reflex, sciatic nerve excitability, and cortically evoked potentials in animals with spinal cord injury
The DCS configuration used in the present study was different from the configuration used in our previous studies (Ahmed, 2011 (Ahmed, , 2013a Ahmed and Wieraszko, 2012) . Therefore, replicating these parametric studies was crucial. In addition, testing local excitability changes in the stimulated nerve segment was important for the following two reasons: (1) to verify that there was no current-induced block; and (2) to localize the site of DCS effects by comparing local nerve changes to changes in cortically evoked potentials.
Repeated-measures ANOVA showed significant main effects of DCS on H-reflex (F ϭ 16.5, p Ͻ 0.001). Compared with baseline [79.0 Ϯ 3.5% of muscle response (M wave)], H-reflex was reduced by spinal-to-sciatic DCS and increased by sciatic-tospinal DCS (62.3 Ϯ 4.3% and 94.7 Ϯ 10.1% of M wave, respectively; n ϭ 7; p Ͻ 0.02, Holm-Sidak method).
Six experiments were performed to test the effects of DCS on nerve excitability. The sciatic nerve was test stimulated proximal to the electrodes on the sciatic nerve and between the two electrodes. Nerve compound action potentials were recorded distally, as shown in Figure 6 (top diagrams). Test stimulation was adjusted to produce ϳ50% of the maximal nerve compound action potential. Compared with baseline (1318.2 Ϯ 51.3 V), nerve compound action potential was decreased during spinal-tosciatic DCS when test stimulation was applied proximal to the electrodes (1140.6 Ϯ 50.9 V; p Ͻ 0.001, paired t test), as shown in Figure 6A . However, compared with baseline (1008.4 Ϯ 45.8 V), nerve compound action potential was increased during spinal-to-sciatic DCS when test stimulation was applied between the two DCS electrodes (1553.0 Ϯ 24.8 V; p Ͻ 0.001, paired t test), as shown in Figure 6B . Compared with baseline (1103.0 Ϯ 29.4 V), nerve compound action potential was increased by sciatic-to-spinal DCS with test stimulation proximal to the electrodes (1310.1 Ϯ 105.2 V; p Ͻ 0.001, paired t test), as shown in Figure 6C . However, relative to baseline (1538.2 Ϯ 3.6 V), the nerve compound action potential was decreased during sciaticto-spinal DCS with test stimulation between the two electrodes (1376.4 Ϯ 27.4 V; p Ͻ 0.02, paired t test), as shown in Figure 6D . During spinal-to-sciatic DCS, nerve compound action potential increased when test stimulation was applied at the nerve segment facing the cathode electrode and decreased when test stimulation was applied at the nerve segment facing the anode electrode. In all of these experiments, nerve compound action potential reverted to baseline values following the cessation of DCS. In four experiments, nerve compound action potentials and concurrent muscle twitches were assessed for 20 min following the end of the DCS procedure. There was no sign of loss of excitability (Agnew et al., 1989) or nerve-muscle coupling by DCS (Fig. 6E) .
To investigate the effects of DCS on the excitability of the proximal segment of the sciatic nerve (between the spinal and sciatic DC electrodes), the sciatic nerve in the pelvic region was exposed and a recording electrode was placed over it ϳ2 cm rostral from the sciatic nerve DC electrode. The test-stimulating electrode was also placed proximal to the sciatic nerve DC electrode (Fig. 7A) . One-way repeated-measures ANOVA showed a significant effect during spinal-to-sciatic DCS (F ϭ 9.1, p ϭ 0.009). The size of the nerve compound action potential was significantly reduced (baseline, 778.6 Ϯ 30.4 V; spinal-tosciatic DCS, 588.0 Ϯ 64.2 V; p Ͻ 0.003, Holm-Sidak method) but returned to baseline levels after spinal-to-sciatic DCS was turned off (726.8 Ϯ 42.5 V; p ϭ 0.3, Holm-Sidak method; Fig.  7 B, C) . One-way repeated-measures ANOVA showed a significant effect during sciatic-to-spinal DCS (F ϭ 7.3, p Ͻ 0.01). The compound action potential was significantly increased during sciatic-to-spinal DCS (baseline, 718.6 Ϯ 70.4 V; sciatic-tospinal DCS, 1067.8 Ϯ 65.8 V; p ϭ 0.008, Holm-Sidak method) but returned to baseline levels after DCS was turned off (764.6 Ϯ 75.4 V; p ϭ 0.7, Holm-Sidak method; Fig. 7 B, C) . Recordings were also performed in multiple sites along the proximal sciatic nerve segment, yielding identical results. These findings indicate that excitability changes span the entire proximal sciatic nerve segment, extending from the spinal cord to the sciatic nerve DC electrode.
Because the DCS stimulation arrangement used in the present study is different from the previous arrangement (Ahmed, 2013a), it is important to assess the changes in cortically evoked potentials that accompanied the observed changes in muscle tone. Compared with baseline (277.8 Ϯ 31.1 V), cortically evoked potentials were reduced by spinal-to-sciatic DCS (198.4 Ϯ 41.6 V; p Ͻ 0.03, paired t test; n ϭ 5). Conversely, compared with baseline (220.6 Ϯ 17.3 V), potentials were increased by sciatic-to-spinal DCS (335.2 Ϯ 29.2 V; p Ͻ 0.01, paired t test; n ϭ 5). Overall, these results suggest that DCS affects muscle tone by modulating spinal cord excitability.
Discussion
The present study tested the effects of trans-spinal sciatic-tospinal or spinal-to sciatic DCS on physiological and pathological muscle tone. The two lengthening velocities used were within the range that can be produced by cortically evoked dorsiflexion in mice (Ahmed, 2013b 1 ). In addition, stretch-induced nerve discharges were higher in animals with spinal cord injury. The DCS setup used in the present study uses two current paths. The first path involved current flow between the spinal cord and abdominal skin. This current path was previously demonstrated to cause inhibition with an anodal spinal electrode and cathodal abdominal electrode or excitation when current flowed in the opposite direction (Marsan et al., 1951; Ahmed, 2011; Ahmed and Wieraszko, 2012 ). Relatively higher current intensity is needed in the spinal-abdominal current path to have consistent effects on spinal motor neurons and interneurons. The need for higher current intensities at the spinal cord might be due to the larger conductive volume, and the relatively greater distance between the spinal cord and the electrode. The second path involved current flow between the dorsal surface of the spinal cord and sciatic nerve. That is, an anodal spinal electrode and cathodal motor nerve electrode depresses activation of motoneurons; the opposite arrangement facilitates activation of motoneurons. The current required to activate this path is very low, ranging from 2 to 5 A. In exploratory experiments, higher intensities induced local firing of the sciatic nerve due to its small diameter, which caused high local current density and could lead to anodal block. Thus, the present study combined the two current paths. It should be noted that spinal-to-sciatic DCS was predicted to depress Ia afferent inputs. Eccles et al. (1962) found that an anode on the dorsum of the spinal cord reduced EPSP size at the synapses between primary afferents and motoneurons. This hypothesis was also supported by the finding that responses to sensory stimulation were reduced by currents flowing from spinal cord to peripheral axons (Barron and Matthews, 1938) .
Spinal-to-sciatic DCS reduced both stretch-induced nerve discharges and muscle resistance, and sciatic-to-spinal DCS produced opposite effects. Threshold force, at which nerve discharges began, was not velocity dependent at baseline or during sciatic-to-spinal DCS, but was velocity dependent during spinalto-sciatic DCS. The change in threshold force illustrates alteration in the readiness of the muscle spindle, which indicates possible effects of DCS on gamma motor neurons. Reducing the excitability of dynamic gamma motor neurons would reduce the dynamic sensitivity of primary sensory endings (Matthews, 1972) , which would, in turn, increase the threshold force. Altogether, the velocity dependence of threshold force observed during spinal-to-sciatic DCS appears to indicate a reduced excitability of dynamic gamma motor neurons that is overcome by higher-velocity stretches. The maximal force and discharge rate of concurrent nerve activity were velocity dependent during baseline conditions, but not during spinal-to-sciatic or sciatic-to- . Arrows indicate the direction of current. Note that the recording electrode is located caudal to the body, and the stimulating electrode rostral to the body. The dark background represents the silicone rubber that isolates the nerve and electrodes from the rest of the body. The lower panels show traces of nerve compound action potential recorded during baseline (BL), and during spinal-to-sciatic DCS. B, Spinal-to-sciatic DCS increased nerve compound action potential evoked by test stimulation between the two DCS electrodes. C, Sciatic-to-spinal DCS increased nerve compound action potential evoked by distal test stimulation. D, Spinal-to-sciatic DCS reduced nerve compound action potential evoked by test stimulation between the two sciatic DCS electrodes. E, Examples of nerve compound action potentials (red) and concurrent muscle twitches (green) recorded after DCS (0 -20 min). This shows no damaging effect of DCS protocols used in the present study.
current to only a sciatic nerve circuit or an abdominal circuit had no effect on muscle tone; simultaneous stimulation of both circuits was required to change muscle tone. The present results are the first demonstration of trans-spinal DCS-induced alterations in muscle tone, and they have obvious clinical applications. Trans-spinal DCS could be applied noninvasively to humans to treat or manage muscle tone abnormalities. Moreover, trans-spinal DCS could be applied through implantable electrodes to manage severe spastic conditions (e.g., spastic bladder). In addition, since spinal-to-sciatic DCS can increase muscle tone, it has the potential to amplify muscle tone in conditions in which muscle tone is abnormally low (e.g., Down's syndrome). However, the question remains of how short-term effects of trans-spinal DCS on muscle tone could be transformed into long-term effects without reducing efficacy. In addition, the safety limit remains to be established.
The homeostatic signaling system acts throughout the central and peripheral nervous systems to stabilize neural function (Davis, 2013) . Altering the level of neural activity results in compensatory changes in the spinal cord (Gonzalez-Islas and Wenner, 2006) . Because trans-spinal DCS changes the level of neural activity, it is important to understand how trans-spinal DCS interacts with neural homoeostatic signaling systems. Answering these questions is critical for the chronic application of trans-spinal DCS.
